We generated tunable far-infrared radiation by mixing CO 2 -laser, 15 NH 3 -laser, and microwave radiations in a W -Co metal -insulator -metal diode. We used this far-infrared radiation to measure accurately the torsionrotation transitions of CH 3 OH in the 6 -8-THz region.
In the 5-10-THz region of the far infrared (FIR), highresolution spectroscopy is difficult because tunable, coherent radiation is difficult to produce. 1 Although Fourier-transform spectroscopy covers this region, its typical resolution is ϳ50 MHz, and its accuracy is limited to ϳ 3 MHz. 2 The powerful Schottkydiode ''FIR laser plus microwave sideband'' mixing technology 3 recently exploited for studies of weakly bound clusters, 4 molecular ions, 5 and carbon clusters 6 has not been extended beyond 4.5 THz and may be limited by the intrinsic capacitance of these mixers. In 1984 Evenson and co-workers invented a tunable far-infrared (TuFIR) spectrometer based on the difference frequency of two CO 2 lasers in a metal -insulator -metal (MIM) diode. 7 -9 This method provides tunable, coherent FIR radiation with a frequency uncertainty of 14 kHz, 10 permitting measurement of FIR transition frequencies of atoms and molecules with an accuracy that depends generally on finding the center of the absorption line (for CH 3 OH, less than 100 kHz). 11, 12 FIR transitions up to 6.5 THz were observed when an isotopic 13 CO 2 laser was used as one of the two CO 2 lasers and a regular 12 CO 2 laser was used as the other.
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The maximum FIR frequency is limited by the maximum frequency difference between two CO 2 lasers.
To generate tunable, coherent radiation above 6 THz, we replaced one of the two CO 2 lasers in a traditional TuFIR spectrometer with an optically pumped, mid-infrared 15 A block diagram of the spectrometer is shown in Fig. 1 . The ammonia laser is optically pumped by the R͑42͒ I line of a CO 2 laser, which is coincident with the aR͑2, 0͒ transition of 15 NH 3 . The pump laser power is ϳ18 W. A grating selects one of five 15 NH 3 laser lines, aP ͑4, 0͒, aP ͑4, 3͒, aP ͑5, 3͒, aP ͑6, 0͒, or aP ͑6, 3͒, with a typical power of 300-600 mW. More details of this laser are described elsewhere. 15 After passing through a 17-cm-long CH 3 OH absorption cell, which blocks any residual CO 2 laser radiation superposed upon the ammonia laser beam, the ammonia-laser output is split in half. The first half is used to stabilize the ammonia-laser frequency; the second half is used to generate FIR radiation.
The first half is double passed through a 17-cmlong absorption cell of 15 NH 3 at ϳ1.3 Pa (10 mTorr), and a saturation-dip signal is observed with a HgCdTe detector. A typical depth of the dip is ϳ15% of the absorption, and a typical width is a few megahertz. The ammonia laser is stabilized to the center of this dip, with its third-derivative signal used as an error signal. 16, 17 This 3f servo technique gives the 15 NH 3 laser a frequency stability of 100-150 kHz, reducing a systematic frequency shift that is due to an asymmetric gain prof ile caused by cavity misalignment, off-resonance pumping, and other effects. The 3f -stabilized 15 NH 3 laser frequencies will be reported in Ref. 18 .
The other half of the ammonia-laser radiation (frequency n 1 ) is mixed with CO 2 -laser radiation ͑n 2 ͒ in a W -Co MIM diode. This CO 2 laser is stabilized to the saturation dip in a 4.3-mm f luorescence signal of CO 2 with the traditional 1f servo technique. 19 The CO 2 reference frequencies are reported in Ref. 14. Typical incident powers are 150 mW for the CO 2 laser and 100-150 mW for the 15 NH 3 laser. Several milliwatts of microwave radiation from the synthesized sweeper ͑1 # n MW # 20 GHz͒ is also coupled onto the diode. The W-Co MIM diode generates two tunable FIR frequencies equal to n FIR jn 1 2 n 2 j 6 n MW . One changes the synthesized FIR frequency by tuning the microwave source. The generated FIR radiation is collimated with an off-axis parabola and sent through a 1.1-m-long sample cell with 80-mm-thick polypropylene windows at both ends. It is then detected by a gallium-doped germanium (Ge:Ga) photoconductive detector with an 8-16-mm diamond scatter filter used to reduce the IR radiation for l , 14 mm. A 20-cm-long cell of 15 NH 3 at 133 Pa (1 Torr) is placed in front of the sample cell to eliminate any residual 15 NH 3 laser radiation. The frequencies of both lasers are modulated at 450 Hz with opposite phases for frequency stabilization; hence the generated FIR frequency is also modulated with an amplitude of a few megahertz. The detected signal is demodulated by a lock-in amplifier operated in the 1f mode. Both the microwave sweeper and the lock-in amplif ier are computer controlled, and the first-derivative curve of the absorption is recorded on a computer.
CH 3 OH was chosen as a sample gas because of its rich torsion -rotation spectrum over 6 THz. CH 3 OH pressure was ϳ1.3 Pa (10 mTorr), and five transitions Fig. 2 . Observed spectral line of the A ͑n, k, J͒ ͑1, 5, 12͒ √ ͑0, 4, 11͒ transition of CH 3 OH at 7.6 THz. The time constant of the lock-in amplifier is 300 ms. The measured spectrum is the solid curve, and the fitted spectrum is the dashed curve. from 6 to 8 THz were measured. A plot of the observed absorption from the A ͑n, K, J͒ ͑1, 5, 12͒ √ ͑0, 4, 11͒ transition at 7.6 THz is shown in Fig. 2 , where n is the torsional quantum number. The observed transitions were assigned by reference to Fourier-transform spectrometer data. 20 The measured transition frequencies are listed in Table 1 . They are the average of several measurements, and their 1s uncertainties are given by ͑ds 2 1 df 2 ͒ 1/2 , where ds is the statistical deviation in the repeated measurements and df is the absolute uncertainty of the difference frequency. The value of df is given by ͑dc 2 1 dn 2 ͒ 1/2 , where dc is the uncertainty of the CO 2 laser frequency and dn is that of the 15 NH 3 laser frequency. In our system, dc is less than 25 kHz, whereas dn is 100-150 kHz. The uncertainty of the difference is dominated by the 15 NH 3 frequency uncertainty. In the 6-7-THz region, ds and df make comparable contributions to the total uncertainty of the measured frequency; however, above 7 THz, ds dominates the total uncertainty because of the lower signalto-noise ratio and a larger Doppler width.
Both reduced MIM diode eff iciency and reduced detector sensitivity are responsible for the poor signal-to-noise ratio above 7 THz. The MIM diode eff iciency decreases as the generated FIR frequency increases, probably because of this diode's finite capacitance. The efficiency is estimated from an analysis based on the equivalent circuit of a MIM diode. 21 A typical capacitance of 2.5 3 10 23 pF reduces the diode efficiency at 8 THz to ϳ10% of that at 3 THz. Typical FIR power of ϳ1 nW is provided at 8 THz. We have observed spectra of CH 3 OH up to THz with the Ge:Ga photoconductive detector whose sensitivity peaks near 3 THz and drops to ϳ 10% at 8 THz.
We used third-order generation, in which tunable FIR radiation is obtained with two CO 2 lasers plus microwave sidebands, because of its wide tuning range (620 GHz). However, second-order generation, in which tunable FIR radiation is obtained with a tunable-waveguide CO 2 laser without the microwave sidebands, may provide higher-frequency operation because it produces several times as much FIR power. Furthermore, a Ge:Be photoconductive detector is more sensitive in the 6-10-THz region. 22 With second-order generation and a Ge:Be detector, this TuFIR technique should be applicable up to ϳ10 THz. The numbers in parentheses are the estimated 1s uncertainties in units of the last quoted digits. c These two transitions are not well resolved in the Fourier-transform spectra, which could explain the large deviation from the present measurements.
